[1] This study uses a 10-year record of precipitation, soil, and stream concentration of nutrient and carbon species from an upland peat catchment to examine whether or not changes in nutrient inputs can explain long-term increases in DOC flux from peat. The study uses time series analysis and particularly the derivation of impulse response functions to provide an alternative approach to environmental manipulations and experimental additions of nitrogen. The study shows that (1) the catchment has a fixed capacity for nitrogen uptake and as such nitrogen flux from the catchment is controlled by precipitation inputs; (2) the DOC flux from the catchment shows no relationship with precipitation inputs and flux from the peat itself continues to increase over the period; (3) impulse response functions suggest that high DOC concentrations suppress nutrient flux from the catchment and not the other way around; and (4) no significant correlation could be found between nutrient time series and the residual of the DOC concentrations after removing the effects of both temperature and changes in water table. The study can find no evidence of a link between nutrient inputs and the release of DOC from the peat profile. The DOC flux corrected for rainfall inputs and the residual time series of regression all show sharp step changes in the DOC release after severe drought.
Introduction
[2] Rising concentrations of DOC have been observed to be a widespread phenomenon in waters draining subboreal peatlands. Freeman et al. [2001a] have shown increases of 65% for a series of UK stream and lake catchments over a period of 12 years. Worrall et al. [2004a] have shown that out of 198 catchments examined in the UK, 77% showed significant increases over timescales of between 9 and 42 years for catchments ranging in size from 400 m 2 to 2120 km 2 ; none of the sites showed a significant decrease. Skjelkvåle et al. [2001] report trends in lakes in Finland, Norway and Sweden and shows a mixed picture with the majority of sites that show an increasing trend in their DOC concentration situated south of 63°N and dominantly in the west of the region where snow cover in winter is less. Worrall et al. [2003a] have shown that for a range of sites the trend in concentration is reflected in long-term increases in flux of dissolved organic carbon. Such increases in river concentrations of DOC have important implications for water quality and climate change. The removal of DOC from water sources represents one of the major costs to water treatment in river basins with peat headwaters. The incomplete removal of DOC results in water of low aesthetic quality; it increases the threat of biological contamination of the treated water as DOC consumes free residual chlorine used to protect water in transit; and it can result in the formation of trihalomethanes which are potential carcinogens and whose concentration in drinking water is limited by law in many countries [Chow et al., 2003] . With respect to climate change the increase of DOC concentration in waters discharging from peat could be indicative of changes in terrestrial carbon reserves. High DOC concentrations in rivers are particularly associated with catchments where there is extensive peat [Hope et al., 1994] and, moreover peat bogs are the single largest carbon reserve in the UK [Cannell et al., 1999] .
[3] Why are these increases in DOC concentration occurring? Freeman et al. [2001a] have associated observed increases in DOC with rising temperature over the preceding decades. Worrall et al. [2003a] have drawn the correlation between an observed 100% increase in DOC concentrations over a period of 30 years in the River Tees and an increase in summer temperatures of 0.6°C over the same period. Increasing temperature leads to increasing microbial activity, increasing decomposition of peat and the increased production of DOC. Increases in temperature can also mean the increased drawdown of water tables thus increasing the zone of oxidation and the production of DOC [Evans et al., 1999] . However, Worrall et al. [2004b] have shown that temperature increases alone are not sufficient to explain the large increases in DOC flux and indeed that the pattern of DOC flux increase cannot be explained by any linear trending driver because step increases in the DOC flux are observed.
[4] Changes observed in DOC concentrations could be correlated with changes in other chemical components. Increasing DOC production has been associated with decreasing mineral acidity [Krug and Frink, 1983] . The UK uplands are showing initial indications of recovering from acidification . Thus observed increases in DOC could be correlated with recovery from acidification. Greive [1990a Greive [ , 1990b has shown increases in DOC concentration followed liming in three Scottish catchments. However, increases in DOC are widespread and even occur in catchments where no acidification has been observed [Freeman et al., 2001a] . Equally, Kullberg and Petersen [1987] observed no change in DOC concentrations following liming of a forested catchment.
[5] Tranvik and Jansson [2002] have suggested that the increases observed by Freeman et al. [2001a] could be hydrological, changes in discharge being associated with changes in concentration. This mechanism has been proposed for increases in DOC concentrations in lakes and stream in Sweden during the 1970s and 1980s where increases in DOC concentrations coincided with decreased temperature and increased precipitation. Increasing precipitation during this period caused increased runoff from wetland areas and thus increased DOC flux [Forsberg, 1992] . Of course, a simple increase in discharge as opposed to a change in the balance of hydrological pathways operating might well result in decreased DOC concentrations because of dilution. However, Worrall et al. [2003a] have shown that for two long-term time series, not only have there been long-term increases in DOC concentration, there have also been increases in dissolved carbon flux. During this time, river discharges in the UK have been tending, if anything, to increase [Werrity, 2002] . One implication of potentially increasing runoff is that increases in DOC concentrations may be buffered to some extent by increases in river discharge, so that increases in carbon flux from UK rivers may be greater than expected. Equally, changes in the nature of the flow, flowpaths and sources of DOC can also be dismissed as causing increased DOC concentration, Worrall et al. [2003a] have shown that for two long-term time series of increasing DOC concentration, the increase occurs equally for both the base flow and storm runoff.
[6] Changes in land management could also lead to increases in DOC concentration. Afforestation has been a common phenomenon in UK uplands, including the afforestation of upland peat. The disturbance of peat caused by afforestation can cause significant loss of carbon storage even in comparison to increased primary productivity due to tree growth [Cannell et al., 1993] . It is estimated that three quarters of the blanket peats has been drained [Ratcliffe and Oswald, 1988] ; in recent years, closely spaced slot ditches have become commonplace in some areas, while deep ribbon ploughing was a common precursor to afforestation in the early 1980s. Drainage lowers water tables allowing ingress of oxygen and thus stimulating DOC production. Mitchell and McDonald [1995] have shown that drainage density is a significant contributing factor in DOC release at the catchment scale. However, neither afforestation nor intensive peat drainage have been ubiquitous and a number of the catchments reported by both Freeman et al. [2001a] and Worrall et al. [2004a] have never been drained yet have shown a rising trend in DOC concentrations.
[7] Anaerobic degradation does not appear to occur in peats compared to other settings [Freeman et al., 2001b] . In peat bogs decomposition, and therefore DOC production, is restricted by repression of certain enzymes. The major biodegrading hydrolase enzymes are depressed in peatlands [Kang and Freeman, 1999] ; however, Freeman et al. [2001b] have shown that the major biodegrading hydrolase enzymes are inhibited in peat bogs by the presence of phenolic compounds, which can build up in peat because the activity of phenol oxidase is severely restricted in the absence of oxygen. If the water table in a peat bogs falls, the phenyl oxidase activity increases destroying the phenolic compounds that repress the hydrolase activity. A loss of phenolic compounds means that decomposition can continue even after the water table returns to former levels. This has been referred to as an ''enzymic latch'' mechanism [Freeman et al., 2001b] ; that is, enzymes are switched on by water table drawdown but are not switched off as water table returns. This mechanism could cause increased peat decomposition, and therefore increased DOC release, following periods of drought or water table drawdown and thus amplify the effects of temperature increase and climate change.
[8] Severe droughts are often sufficiently widespread to explain the spatial extent of the increasing trends observed. Worrall and Burt [2004] have shown step changes in longterm DOC flux records at times of severe drought, and by deriving impulse response functions have shown that the style of DOC runoff changes at times of severe drought. Worrall et al. [2005a] have shown that inclusion of kinetically limited DOC production that is proportional to the severity of summer drought greatly improves the modeling of DOC fluxes and solves the problem of poor fit between DOC flux records and linearly trending drivers. Furthermore, Worrall et al. [2005b] have shown that DOC and soil respiration become decoupled after a severe drought suggesting that additional anaerobic DOC production is initiated, i.e., enzymic latch production below the acrotelm-catotelm boundary. However, the effect of drought has also been ascribed to the creation of new flowpaths in highly desiccated peat and/or the hydrophobic rewetting of organic-rich soils. Worrall et al. [2006] have shown for a peat catchment that experienced an approximate 1 in 33 year drought that new flowpaths created by the drought did not survive through the subsequent winter and that, although hydrophobic rewetting of the peat did occur, it served only to offset the main effect of severe drought by 1 -2 years and was not sustained over the timescales of the trends observed.
[9] There are several problems with an explanation of the observed trends based largely on the effects of drought.
First, it might be hypothesized that the initiation of additional production by a different mechanism would lead to a change in the molecular properties of DOC. Although detailed, comprehensive, long-term records of molecular properties do not exist, Worrall et al. [2006] have shown that there is no significant trend in specific absorbance of DOC from a peat catchment for several years before and after a severe drought. Equally, the theory that severe drought provides the main driver for the observed trends in DOC flux and concentration relies largely on the increased production being below the water table, i.e., within the catotelm. However, a number of studies of peat hydrology have confirmed that runoff generation occurs within the acrotelm by percolation excess [Holden and Burt, 2003] , that DOC in runoff is associated with new rather than old water and originates in the uppermost part of the peat profile, and that deep soil water contributes little to the runoff, whether in terms of runoff or base flow.
[10] Freeman et al. [2004] have suggested a further alternative mechanism to explain the increase in DOC concentration. They have shown that there is increased production of DOC in peat soils if they are exposed to enhanced CO 2 , and therefore, with increased atmospheric CO 2 , this could lead to the observed trends. However, there are several problems with this mechanism and it unlikely to be the sole driving mechanism.
[11] An alternative possibility is that increasing loss of DOC is stimulated by nutrient inputs. Increased N deposition would lead to increased litter production [Aerts et al., 1992] , could accelerate organic matter decomposition by lowering the C/N ratio, could enhance the release of carbon from roots to the soil, and may inhibit CH 4 oxidation. Nitrogen in UK upland streams does show some evidence of increasing over the same period of the increases observed in DOC concentrations even though N-deposition was not observed to change [Jenkins et al., 2001] . N-deposition has been observed to increase through the 1980s and into the 1990s for many industrialized countries [Wright et al., 2002] . Evans and Monteith [2001] have examined 22 stream and lake sites across upland UK and have shown no significant declines in N stream concentration over a 12-year period from 1988 during a period when 20 of the sites showed significant increases in DOC concentration. The amount of stream nitrate in upland, nonforested catchments is not closely related to N-deposition and there is evidence of extensive N-saturation in upland environments [Harriman et al., 1998 ]. Significant correlations have been found between DOC concentration and nitrate concentrations in upland streams [Harriman et al., 1998 ]. Eutrophication from N-deposition in the uplands may be driving changes in the upland that are releasing DOC. Cole et al. [2000] have shown that the increasing activity of enchytraeid worms (the dominant invertebrate in upland peats) increases microbial activity in peat which in turn enhances nutrient mineralization. Enchytraeid worm activity increases with temperature [Cole et al., 2002] and so as the climate warms enchytraeid worm activity would increase with consequences for microbial activity and N-mineralization leading to increased losses of nitrate and DOC [Cole et al., 2002] ; however, the scale of increase observed is too small compared to the observed changes in DOC. Equally, Harriman et al. [1998] concluded that increases in nitrate concentration were the result of increasing DOC concentrations and not vice versa.
[12] There are other carbon release pathways from a peatland and there have been several studies of the effect of nutrient input on carbon dioxide and methane release. Aerts and Ludwig [1997] found that increased N supply decreased CO 2 efflux from a peat. This had been previously ascribed to a pH effect [Bridgham and Richardson, 1992] ; however, no pH effect was present and an enzyme suppression mechanism may be occurring. The same study showed a short-lived effect of N addition on CH 4 efflux that has been ascribed to negative effects on methane oxidation rather than upon methane production [Crill et al., 1994] . Silvola et al. [2003] found only one out of five sites where they artificially enhanced N additions showed a significant increase in CH 4 efflux. Saarnio et al. [2003] found only a small increase in CO 2 and CH 4 exchange following N addition on a peat bog over a three year period. Saarnio et al. [2000] found a negligible effect on CH 4 efflux following N fertilization; any effect of N addition was short-lived if present at all. This study seeks to examine the link between DOC production and nutrient inputs and to examine whether change in nutrient availability within a catchment can explain part or all of the observed DOC trend.
Methodology

Study Site
[13] The Trout Beck catchment is a blanket peat catchment in the headwater of the River Tees (National Grid Ref.
NY 756326, Figure 1 ). The Trout Beck catchment lies within the Moor House National Nature Reserve (NNR) which is a terrestrial and freshwater site within the UK Environmental Change Network (ECN): the ECN collects various hydrological data from the Trout Beck catchment [Sykes and Lane, 1996] . The Trout Beck catchment lies largely above 500 m O.D. with the highest point being the summit of Great Dun Fell at 848 m O.D. The underlying geology is a succession of Carboniferous limestones, sands and shales with intrusions of the doleritic whin sill [Johnson and Dunham, 1963] . This solid geology is covered by glacial till whose poor drainage facilitated the development of blanket peat. Blanket peat covers 90% of Trout Beck catchment [Evans et al., 1999] , some of which is either naturally eroded, or damaged by the practice of gripping (artificial drainage channels). The vegetation of the NNR is dominated by Eriophorum sp. (cotton grass), Calluna vulgaris (heather) and Sphagnum sp. (moss). The catchment is grazed by sheep at a density of between 0.6 and 1 sheep per hectare. The entire catchment area has not been burnt since 1954 [Garnett et al., 2000] . The mean annual temperature (1992-2000) is 5.8°C; air frosts are recorded on over 100 days in a year. Mean annual precipitation (1953 Mean annual precipitation ( -1997 ) is 1953 mm ] with snow being a significant proportion of precipitation -annual average snow cover at 500 m is 55 days [Archer and Stewart, 1995] . Any rainfall in the catchment produces a rapid runoff response: Studies at Moor House have shown that the lag between peak rainfall intensity and peak flow can be as little as 30 min ]. The catchment area above the Trout Beck gauging site is 11.4 km 2 .
ECN Monitoring
[14] As part of monitoring work carried out by the ECN water samples were collected weekly from five stream sites, and fortnightly from six soils sites within the catchment, along with precipitation sampled weekly. Soil water was sampled by suction samplers at two depths: 10 and 50 cm below the surface. Precipitation samples included both wet and dry deposition. Worrall et al. [2003b] have shown that the chemistry of sampled stream sites in the Moor House catchment combine the chemistry of a peat soil water source with that of rainwater and a basic groundwater. The sampled streams therefore showed a spectrum of characteristics, which varied from being dominated by soil water and rainfall compositions to the catchment outlet which shows a significant contribution from a basic groundwater. This study focuses on two end-members of this spectrum, i.e., the stream that previously showed the least groundwater character (Cottage Hill Sike) and the catchment outlet (Trout Beck) in comparison to the rainfall and soil water compositions. Samples were analyzed for nitrate, ammonia, total N, and dissolved organic carbon (DOC). Samples were measured for phosphorus content but concentrations were regularly below detection limit. Details of analysis are given by Sykes and Lane [1996] . All samples from each source were averaged so that all time series were on a comparable monthly time step, these use of such series has previously been demonstrated by Worrall et al. [2003b] .
[15] In addition to water quality sampling, the study catchment is monitored for a range of hydrological and meteorological parameters. Of relevance to this study is that catchment discharge is measured at the gauging station at the Trout Beck sampling site, depth to water table is measured for a grid of piezometers in the peat and the soil sampling site, and rainfall volumes are record as part of automatic weather monitoring. Sampling started in October 1992, and results were available through 2003.
[16] The major ion chemistry of the soil waters, in this catchment, over a severe drought of 1995 has been discussed by Adamson et al. [2001] and the dissolved nitrogen behavior over a 3-year period by Adamson et al. [1998] .
Time Series Analysis
[17] Budgets for the catchment outlet are calculated using method 5 [Littlewood, 1992] ,
where K is the conversion factor allowing for period of sampling; C i is the concentration of determinand in sample I; Q i is the instantaneous discharge at sampling time i; Q T is the mean river discharge over the period; and n is the number of samples. The overall nutrient budget with respect [18] Trend analysis of all available records was performed using the seasonal Kendall test [Hirsch et al., 1982] . The test is used to assess the significance of any trend in the data sets and to estimate the slope of any trend expressed as median annual change in the concentration. It is robust against departures from normality and resistant to outliers [Esterby, 1997] .
[19] In order to understand the relationship between nutrients and DOC concentrations the impulsivity between nutrient inputs and DOC is studied. Impulsivity is derived in two ways. First, impulse response functions are derived. This approach to understanding relationships between variables creates a reliable and unbiased measure of the relationship and reduces problems of correlation between the series [Gurnell et al., 1992] . Specifically, the approach enables the consequences and impacts of an unaccounted input of a driving variable on dependent variables. In this study, the consequences of an input of nutrients on DOC are considered. The derivation of an impulse response function relies upon removing all explicable elements of the two time series being considered and then comparing the residuals. By removing all explicable elements of time series the method prevents problems of autocorrelation. The following explicable elements are removed: secular trend, annual cycle, moving average and autoregressive processes.
[20] Each time series is viewed as an additive model [Worrall and Burt, 1999, equation (1) ]. An additive model is preferred over a multiplicative model because there is no obvious nonstationarity in the time series; that is, the amplitude of the seasonal cycle does not appear to increase or decrease with the trend in the data. The series is detrended by subtracting the trend component as identified above. The seasonal variation is removed by use of seasonal indices [Worrall and Burt, 1998] . A centered moving average of length equal to that of the annual cycle is calculated; in this particular case, because the annual cycle length is an even number (i.e., 12 months), the moving average is a two-step process in order to synchronize the moving average correctly. Once the moving average is obtained, it is divided into the detrended data to obtain what can be referred to as raw seasonals. Within each seasonal period, the median value of the raw seasonals is calculated. It is these medians that make up the seasonal indices. The mean of the medians is adjusted so that their mean is 1; these seasonal indices are in turn used to seasonally adjust the data. The seasonal indices approach is more responsive to the actual data and brings fewer assumptions than fitting simple harmonic functions derived from Fourier analysis.
[21] The first stage of calculating the model is to derive an autoregressive moving average (ARMA [Box and Jenkins, 1970] ) model of the input series, in this case a nutrient record. The model is derived using the method of Shumway [1988] ; however, in this case the time series are decomposed rather than differenced; that is, the residual time series from the seasonal decomposition above is used as the starting point rather than differencing the series. The reason for using decomposition rather than differencing is that decomposition allows examination of the removed elements, i.e., trend and annual cycle, whereas differencing does not. To identify the order of the ARMA model, the autocorrelation function (ACF) and the partial autocorrelation function (PACF) of the residuals from the decomposition of the time series were examined. In a series already made stationary by the decomposition process, the number of significant lags in the PACF is taken as an estimate of the order of the autoregressive component of the ARMA model. The order of the moving average component was estimated in a similar fashion from the ACF. The necessity of allowing for seasonal autoregressive or seasonal moving average behavior can also be identified from the PACF and ACF, respectively. The fit of the estimated ARMA model for the time series was tested by systematically varying the order of the AR and MA components to test the sufficiency of the fit. In this case, calculating the variance of the residuals after fitting the particular ARMA model was used as a measure of the model fit as well as the significance of the model coefficients.
[22] Once the ARMA of the input series has been calculated satisfactorily, this ARMA is used to filter the output series; that is, the order of the model derived for a nutrient record is transferred directly to the particular DOC record. The cross-correlation function can then be calculated between the residuals of the input, i.e., the residuals after the calculation and removal of the component predicted by the best fit ARMA model, and the residuals of the output series. The resulting cross-correlation function is the impulse response function. The impulse response function represents a measure of how responsive the output is to the input. The significance of the cross correlations were tested using a t-test, but in order to limit the extent of family-wise error in the multiple use of t-test the 99% significance level is considered [Worrall et al., 2003c] . Impulse response functions were calculated with nutrients in precipitation and for nutrients in soil solution as driving variables, both DOC in both soil solution and in runoff were adopted as output variables.
[23] As a second approach, a regression model for the DOC concentrations is developed using physical driving variables monitored as part of the ECN monitoring. The regression models are developed against the observed temperature and depth to water table; current variables, log-transformed variables and variables lagged by up to 3 months were all included in the regression analysis. The model is fitted by stepwise regression so it only includes those variables significant at the 95% level. The residual of the best fit regression model is compared by cross correlation to the time series for the nutrient inputs. By so doing the effect of changes in temperature and depth to the water table is removed prior to comparison with nutrient time series. This comparison is done for two sets of time series: first, directly between the residual shallow soil water DOC series, after the removal of the temperature and the shallow soil water nutrient data, then second, between the residual DOC series and the residual nutrient series, after stepwise regression against the same variables as the DOC concentration.
Results
Nutrient Inputs
[24] The atmospheric input of nitrogen (total deposition), as measured as the sum of nitrate N and ammoniacal N, varies from 0.87 to 4.26 tonnes N/km 2 /yr with peak values in the wettest years of 1993 and 1998 when the increase is mainly accounted for by an increase in NH 4 inputs (Figure 2 ). This input rate is typical of the Pennine chain [Hornung et al., 1994] . The mass ratio of NH 4 /NO 3 varies from 1 to 6.5; that is, ammoniacal nitrogen dominates the inputs. The measure of total N used within the study was generally below the sum of measured inorganic N; that is, there was no reliable measure of organic N input within this data set. Inputs of P vary from 0.08 to 0.45 tonnes P/km [25] The time series of rainfall inorganic N, DOC and P inputs show no significant trend or significant annual cycle (Figure 3) . Despite the apparent link between wetter years and increased input of nutrients, no significant relationship could be found between either nitrate or ammoniacal N and the volume of rainfall between samples.
Soil Nutrients
[26] Phosphate concentrations are largely below detection in the shallow soil water samples with no apparent seasonal pattern (Figure 4) . Similarly there is no seasonal pattern apparent in the inorganic N in the shallow soil water. However, there is an increase in both nitrate and ammonia after the severe drought of 1995 and these stay high through the summer of 1999. The mass ratio of ammoniacal N/nitrate N varies between 0.26 and 80.9 with an average of 9.9; that is, it is dominated by ammonia. For the majority of the study period the phosphate concentration is below detection limit; however, for periods when it was detected, the average ratio of inorganic N to phosphate is 48; that is, the soil solution is P-limited. While the nutrients show consistently low concentrations the DOC shows concentrations varying between 13.8 and 40.0 mg C/L. There is a marked seasonality in the DOC concentration with the seasonal indices showing an asymmetric cycle with a minimum in April and a maximum in November. The DON varies from 0.16 to 0.74 mg N/L with an average C/N in the dissolved organic matter of 56.2, suggesting that turnover of this organic matter would result in immobilization of inorganic N. Furthermore, the C/N ratio shows no seasonal cycle and no trend over the period; however, it does show a maximum during the dry years of 1995 -1996. The maximum in the C/N ratio is caused by the decline in the DON during this period relative to the DOC concentration. The decline in the DON is larger than and occurs before the increase in nitrate and ammonia concentration; therefore the decline in the DON could be a cause of the latter.
[27] For the deep soil water samples, no phosphate data are available. Concentrations of ammonia decrease in the deep soil water while those of nitrate increase. The DOC concentrations are lower in the deep soil water compared to the shallow soil water samples, lack any seasonal pattern, and show a response to the severe drought of 1995 that is muted in comparison to that observed in the shallow soil water ( Figure 5 ). The water table in the catchment fell to 42 cm depth during the summer of 1995 [Evans et al., 1999] , and so these deep samples are truly within the catotelm.
Nutrients Outputs
[28] The flux of inorganic N varies from 0.15 to 0.3 tonnes N/km 2 /yr, with the NH 4 /NO 3 ratio varying from 0.11 to 0.56; that is, nitrate N dominates the flux (Figure 6 ). The measurements of total N show values larger than the inorganic N concentration for 1993, 1997 -2002 ; for these years the total N flux varies from 0.51 to 0.82 tonnes N/km 2 /yr, this in turn means that DON varies from 0.3 to 0.59 tonnes N/km 2 /yr; that is, the flux of organic-N is twice that of inorganic N in this catchment and dominates the nitrogen flux (Figure 7) . Across the system it is now possible to estimate the amount of nitrogen removed by the catchment. Because DON could not be measured in the precipitation, an assumption has to be made about the C/N ratio of the incoming DOC. Even if it assumed that dissolved organic matter in precipitation has a low nitrogen content, C/N = 25, then the amount of removal of N in comparison the input of N shows that the amount removed 
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from the catchment will average 0.75 tonnes N/km 2 /yr. This capacity means that nutrient export from the catchment is largely controlled by the precipitation input and not by processes within the soil profile or stream network. It also suggests that the change in the C/N ratio and decline in DON during the drought is controlled by the decline in nitrogen inputs during these years.
[29] The trend in inorganic N flux peaks in 1996 and is at a minimum in 2000; there is no apparent correlation between with the flux of DON. The flux of DON appears to be increasing over the period. It is difficult to suggest that there is any step change in inorganic N subsequent to the severe drought of 1995.
[30] For several years during the study, there is no detected inorganic P at the catchment outlet, although in other years the flux can be as high as 0.05 tonnes P/km 2 /yr. This gives a N:P ratio of 5.3 -287, with an average of 105; that is, the N/P ratio has increased relative to that in the soil solution and the streams would be even more phosphatelimited than the soil solution.
[31] The flux of DOC from the catchment ranges between 10.3 and 25.2 tonnes C/km 2 /yr with a peak in 1998 and minimum in 1996 (Figure 8 ). This pattern follows the pattern of the 1995 -1997 drought period; that is, at the height of the drought, the flux is at its minimum because there is very little flow through the surface of the peat profile. The peak in 1998 represents the end of the drought period and the offset after severe droughts due to hydrophobic rewetting of the peat and the additional enzymic latch production. By comparing precipitation inputs with catchment outputs, there is a net flux of DOC of between 9.6 and 20.6 tonnes C/km 2 /yr (Figure 8) . By subtracting the DOC input from precipitation, a step change in DOC flux from the catchment becomes visible. Further, if the net flux is expressed as a percentage of the input, then a general increase in DOC flux can be detected. This illustrates that DOC production in this catchment is independent of precipitation inputs (Figure 8 ), appears to be under separate control from the nutrients, and is on an increasing trend.
Impulse Response Functions
[32] The results of the impulse response function calculations are shown in Table 1 . The low concentrations of phosphate in all the time series studied mean that it was not possible to include it in the calculation of impulse response functions. The impulse response functions found to be significant at least at the 99% level can be classified into two groups: those that show a significant impulse response function at around zero lag and those that show a significant relationship at lag 7.
[33] Impulse response functions showing a significant relationship at zero lag are indicative of an otherwise unexplained increase in one parameter giving a response in the other parameter. Such a direct relationship can be observed between the DOC concentration in the shallow soil waters and the DOC concentration in Trout Beck; that is, the shallow soil water contributes directly to the stream water concentration of DOC, and this is as expected. However, those relationships that are found to be significant between a nutrient and a DOC time series are, first, all negative, and second, many of them are lagged by À1: a negative lag means that the input lags behind the output.
[34] The second group are those with a significant relationship at lag 7; this approximates to a semi-annual relationship. Such significant negative semiannual relationships have been observed in nutrient time series in other settings [Worrall and Burt, 1999] . A lag 7 effect is a 7-month difference between an unexpected peak in nutrient and an unexpected change in the particular DOC series. When the DOC is considered as a driver, then a positive annual effect is observed; that is, unexpectedly high DOC in one year results in a positive memory effect leading to higher values in the subsequent year.
[35] The study has found a large number of insignificant results. In particular, no direct impulsive relationship was found between nutrient inputs and DOC; that is, N deposition has no significant effect upon DOC production. Furthermore, no significant relationship was found between soil nitrate and DOC concentrations anywhere in the catchment. A significant effect of nitrate is only found between the instream nitrate and DOC concentrations where the effect of the nitrate is to decrease DOC concentration.
[36] Any effect related to the impulse response function will be relatively small in comparison to the other controls on the DOC time series. A consideration of the variance explained by each component of the time series modeling of the nutrients and DOC in the shallow soil water shows that seasonality and trend are important for the DOC time series but not for the nutrients, while the ARMA model is relatively more important for the nutrients compared to the DOC (Table 2 ). This pattern of the proportion of the variance explained suggests that any control of nutrients on the DOC concentration is weak at the most. Overall, the DOC time series is more explicable than the nutrient time series.
Regression Modeling
[37] The best fit stepwise regression model is
where DOC n is DOC concentration in the shallow soil solution in month n, T n is average temperature (K) in month n with n-x referring to x months previous to the present, and W n is average depth to water (cm) in month n with n-x referring to x months previous to the present. In this stepwise regression, all parameters included are significant at least at the 95% level and the r 2 = 69%.
[38] No significant regression model could be established for the nitrate and ammonia concentration time series for the shallow soil water and temperature, water depth or any of their transformations. Comparison between the residuals of the DOC model (equation (1)) and the nitrate and ammonia time series also produced no significant relationship or significant cross correlation. Visual comparison between the residual of the DOC model ( Figure 9 ) and the nutrient time series (Figure 4) shows that although both the DOC residual series and the nutrient time series share a sharp increase in the 1995 after the severe drought of that summer, the increase in the nutrients occurs in September while the sharp increase in DOC residual occurs in December. The sharp change in the residual of the DOC concentration shows a step change that is followed by a slow decline back to zero over a period of 4 years. This pattern is consistent with additional production of DOC occurring as a consequence of the drought.
Discussion
[39] The study has sought to answer the question: Can nutrients, and specifically nutrient inputs, explain upward trends in DOC concentrations from subboreal peatlands? This study has undertaken several tests to answer this question. Do the trends in nutrient inputs and outputs show a relationship to the trends in concentration and flux of DOC? Comparison between all significant compartments Results are presented as to whether they are significant, at what level they are significant, whether the relationship is positive (+ve) or negative (Àve), and at which lag the significant relationship occurs.
within this peat catchment shows no similarity of trend in flux or concentration between the nutrients and the DOC. Neither the inorganic nutrient inputs nor outputs show a consistent upward trend over the period. The organic N does show a consistent increase over the period, but this is in line with increases in DOC flux and concentration. The DOC flux and concentration shows increasing production over the period with a step change after a severe drought in 1995.
[40] Should there be a significant impulsive relationship between nutrients and DOC concentrations? This study found no significant relationship with nutrient inputs, but did find significant negative impulsive relationships. A significant negative impulse relationship suggests that an unexpected increase in the driving nutrient series results in a decline in the particular DOC concentration time series. Furthermore, the fact that the significant relationship occurs at a negative lag shows that causality is the reverse of that implied by the calculation, i.e., that it is not nutrient that depresses the DOC concentration but that an unexpectedly high DOC concentration in one month causes the suppression of the nutrient concentration and not the other way around as expected a priori. This type of relationship is developed between ammonia in the shallow soil solution and DOC in the shallow soil water and the first-order streams of the catchment suggesting that increased DOC suppresses ammonia production. The C/N ratio of the DOC within the soil solution is high, suggesting that its decomposition would lead to immobilization of inorganic N, and the impulse response function suggests that it is ammonia that is being taken up.
[41] A second set of impulsive relationships are observed at a 7-month lag. The difference of 7 months is the time difference between the peak in the DOC series during the autumn flush and the subsequent minimum in the series. This significant positive relationship suggests that an unexpectedly high efflux of nitrate leads to increased DOC concentrations giving rise to less of a minimum in the annual DOC concentration cycle. This study has not performed an exhaustive time series analysis of the DOC records from this catchment but a positive memory in this case is consistent with an ''enzymic latch'' mechanism. A particularly low water table in summer would lead to a high DOC flush in the early autumn following aerobic production of DOC. However, a low summer water table would also lead to ''enzymic latch'' production which would only appear months later. Therefore the positive memory effect is indicative of common cause for both aerobic and ''enzymic latch'' production of DOC, i.e., decline in water table.
[42] One test of the ''enzymic latch'' production is that the molecular properties of the DOC should change after severe drought. However, although this study has better illustrated the change in DOC production after a severe drought, no trend in DON was found; the C/N ratio does not trend over the period. There is a decline in DON during the period of the severe drought, but this appears related to a drop in nutrient input.
Conclusions
[43] The study has hypothesized that rising trends in DOC could be explained by changes in nutrient status and inputs to an upland peat bog. However, the study found the following.
[ [45] 2. The trends in the two fluxes do not follow each other; nitrogen flux from the catchment is controlled by precipitation inputs while DOC shows a step change following a severe drought.
[46] 3. Impulse response functions between nutrient and DOC time series suggest that if anything, it is DOC that suppresses nutrient efflux and not vice versa.
[47] 4. The trend in DOC flux and production supports an ''enzymic latch'' production mechanism, but the C/N ratio of the DOC does not vary, suggesting little change in the DOC composition.
[48] The study can find no substantial evidence that nutrient inputs are controlling DOC production or leading to increasing DOC loss from the Trout Beck catchment.
